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INTRODUCTION
Extensive changes in biodiversity have been widely
documented (Millennium Ecosystem Assessment 2005).
The effects of changing biodiversity on ecosystems
remain unclear despite extensive research into bio  -
diversity–ecosystem functioning (BEF) relationships
(Millennium Ecosystem Assessment 2005, Naeem et al.
2009). Concerns have recently been raised that many
BEF experiments to date have been too short to prop-
erly characterise the effects of diversity loss, particu-
larly in marine ecosystems (Stachowicz et al. 2008a,b).
Laboratory- or mesocosm-based manipulations need to
be supplemented by ﬁeld-based removal experiments
to ensure that general models derived from such stud-
ies are realistic (Díaz et al. 2003, Stachowicz et al.
2008a,b, Crowe & Russell 2009). The extent of spatial
and temporal variation in consequences of biodiversity
loss is also unclear and must be more fully charac-
terised if an effective predictive framework is to be
developed (Cardinale et al. 2000).
In seeking to improve prediction of effects of diversity
loss, there has been a recent shift in emphasis from
  species-level diversity to functional diversity (Crowe &
Russell 2009), such that the functional traits of taxa (e.g.
feeding modes, habitat provision) are explicitly taken
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into account when considering impacts of their loss
  (Stachowicz et al. 2007, Mouchet et al. 2008, Grifﬁn et
al. 2009, O’Gorman et al. 2010). The loss of key taxa or
strong interactors (Hurlbert 1997) within functional
groups is likely to have a disproportionate effect on
ecosystem structure and functioning. Although the func-
tional role of key taxa can sometimes be replaced by
other members of the group, longer-term studies have
demonstrated their importance in the face of changing
environmental circumstances (O’Connor & Crowe 2005).
Combined effects of losing multiple key taxa from differ-
ent functional groups are likely to be substantial and also
interactive, such that the effects of losing 1 species
  depend on the presence or absence of others. BEF exper-
iments have rarely been designed to test for the presence
of such interactions. The widespread occurrence of inter-
active effects would have signiﬁcant consequences for
the predictability of effects of loss of diversity on ecosys-
tem function, particularly if the nature of interactions
varies with spatial and   temporal environmental hetero-
geneity (Stachowicz et al. 2008a).
Although documented global extinctions are rare in
the marine environment, local extinctions and dra-
matic changes in abundance are widespread (e.g.
Airoldi & Beck 2007, Stachowicz et al. 2007). Rocky
shore ecosystems are highly productive and can be a
signiﬁcant source of detrital material underpinning
coastal food webs (Whittaker 1975, Raffaelli & Haw  -
kins 1996). Many are characterised by the presence of
strongly interacting species (Allison et al. 1996; sensu
Hurlbert 1997). They also lend themselves to long-
term experimental manipulation (Connell 1974, Paine
1977), particularly removal experiments (Díaz et al.
2003), and have already contributed signiﬁcantly to the
BEF debate (Allison et al. 1996, Stachowicz et al. 2007).
On rocky shores in the Northeast Atlantic, both limpets
(Southward 1964, Hawkins 1981, Hawkins & Hartnoll
1983, Jenkins et al. 1999a, 2008, Coleman et al. 2006)
and mussels (Seed 1996) are thought to have key roles
in driving ecosystem structure and functioning,
although the relative importance of their respective
roles is yet to be established (Hawkins et al. 1992).
Limpets regulate algal recruitment by grazing the
early stages of macroalgae contained within epilithic
microbial ﬁlms (Hill & Hawkins 1991) and in some
cases direct consumption of mature algae (Davies et al.
2007). This has been demonstrated by the establish-
ment of opportunistic and fucoid algae where limpets
have been removed or excluded (Jones 1948, South-
ward 1964, Hawkins 1981, Jenkins et al. 1999a, 2008).
In the absence of key species, availability of food for
other grazers (such as littorinids and trochids) may in  -
crease (Cubit 1984, Dye & White 1991, Mak & Williams
1999), perhaps leading to increases in their abundance.
Even if their numbers increase, however, they may or
may not be capable of controlling algal growth as
effectively as limpets (O’Connor & Crowe 2005). The
effect of herbivory on diversity of primary producers
remains controversial (Olff & Ritchie 1998). High graz-
ing pressure seems to reduce algal diversity while
moderate grazing pressure can increase it (Paine &
Vadas 1969, Lubchenco 1978, Anderson & Underwood
1997, Aguilera & Navarrete 2007). There is also evi-
dence that plant diversity may depend more on spatial
heterogeneity and variance in grazing pressure than
its mean intensity (Olff & Ritchie 1998,   Benedetti-
Cecchi 2000, Sommer 2000).
Mussels have been described as foundation species
or ecosystem engineers (Jones et al. 1994, Lawton
1994) because they modify their environment, chang-
ing its suitability for other organisms. Intertidal mussel
populations provide a biogenic structure for a diverse
array of species including annelids, crustacea and
other molluscs (Lohse 1993, Seed 1996, Crowe et al.
2004). The architectural complexity of mussel shells
decreases the inﬂuence of wave action, temperature
and sunlight while increasing relative humidity and
sedimentation (Sebens 1991). The biological activities
of living mussels, such as ﬁlter feeding and biodeposi-
tion, can also affect biota (Crooks & Khim 1999).
There is also considerable potential for mussels and
limpets to interact in their effects on community struc-
ture, but the nature of such interactions may not be
easy to predict. By providing habitat for other grazing
gastropods (Lohse 1993), mussels could reduce the
effects of loss of limpets by increasing the likelihood
that other grazers will colonise the area. On the other
hand, by providing refuges for algal propagules from
both physical stress (Hruby & Norton 1979, Vadas et al.
1990, Brawley & Johnson 1991) and grazing pressure,
they could enhance algal cover and reduce the effects
of gastropod grazing (Hawkins & Hartnoll 1982, Lub  -
chenco 1983, Witman 1985, Chapman 2000, Wahl &
Hoppe 2002). Nevertheless, grazing marks found on
and amongst mussels imply that at least some grazing
does occur on this substratum (Lohse 1993, O’Connor
& Crowe 2008).
Here we report a long-term ﬁeld-based removal
experiment designed to test the following hypotheses:
(1) Losses of key species from different functional
groups (limpets as key grazers, mussels as ecosystem
engineers) will each cause changes in ecosystem struc-
ture. Effects of loss of combinations of these species
may be interactive. In particular:
(a) Other grazers will increase in abundance in
response to loss of limpets, an effect which may be
mediated by changes in habitat availability caused by
loss of mussels.
(b) Cover and composition of macroalgal assem-
blages will change in response to changes in grazing
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pressure and availability of refuges provided by
  mussels.
(2) Individual and interactive effects of loss of key
species will vary spatially and through time.
MATERIALS AND METHODS
Study sites. The research was done at Harlyn Bay
and Polzeath, 2 sites on the north coast of Cornwall
in SW England separated by 6.5 km (50°34’50”N,
4°55’28”W and 50°32’36”N, 4°59’33”W, respec  tive  -
ly). They are typical of the wave-exposed rocky shores
on this coast. The shore at Polzeath consists mostly of
gently sloping, slate bedrock platforms with only a few
boulders and loose rocks. Despite the exposure of this
site, its shallow gradient causes a reduction in wave
  energy. Harlyn Bay has a similar bedrock to that of
Polzeath, with a higher degree of wave exposure. At
each site, mid-tidal levels were covered by a mosaic of
mussels, fucoid algae and barnacles. In the experi  -
mental area, mussels (a mixture of Mytilus edulis, M.
galloprovincialis and hybrids) dominated the primary
space, covering on average 79 ± 1.98% (SE, n = 24) and
64 ± 2.0% (n = 24) of plots at Polzeath and Harlyn,
respectively. Overall cover of algae was greater on
average at   Harlyn than at Polzeath (38 ± 4.2%, n = 24
versus 18 ± 4.5%, n = 24) at the start of the experiment
(Fig. 1). The main foliose algae were   Fucus vesiculosus
var. linearis, F. spiralis, F. serratus, Porphyra spp., Ulva
lactuca and  U.  (formerly  Enteromorpha) intestinalis,
and there were also some turf-forming and encrusting
species, such as Corallina officinalis,  Gelidium spp.,
Lithothamnion spp. and Ralfsia spp. A similar suite of
algal species occurred at each site, but their relative
pro  portions varied (see ‘Results’). Densities of grazing
gastropods were similar at each shore. The assem-
blage   included limpets (Patella vulgata,  P. depressa
and P. ulyssiponensis), littorinids (Littorina littorea, L.
mariae, L. obtu  sata, L. saxatilis) and trochids (particu-
larly Gibbula umbilicalis and some Osilinus lineatus).
Experimental design. To investigate the individual
and combined effects of losing limpets and mussels, a
factorial design was used. The treatments were as fol-
lows: + limpets, + mussels (+L+M); + limpets, – mussels
(+L–M); – limpets, + mussels (–L+M); – limpets, – mus-
sels (–L–M). There were 4 replicate plots per treat-
ment. As part of a complementary study, 4 additional
plots were initially set up for each treatment. These
were destructively sampled after 11 mo. Eight repli-
cate plots were therefore available for the ﬁrst 11 mo
of the experiment and 4 were available thereafter.
Procedures. In October 1998, plots measuring 0.5 ×
0.5 m were chosen at each site, marked and randomly
assigned to each of the 4 treatments. All but 5 of the
plots had >60% cover of mussels, and all were sepa-
rated from each other by a minimum of 1.5 m. Mussels
were removed from the appropriate plots by chiselling.
Care was taken to avoid damage to other organisms
attached to the rock surface itself. Limpets were
removed manually from the relevant plots and from a
surrounding buffer zone 0.25 m wide to reduce re  -
invasion. They were prised from the substratum using
screwdrivers every month for the duration of the
experiment. Any mussels reinvading plots were also
removed, but such reinvasions were rare.
The experiment was monitored monthly for the ﬁrst
3 mo after initiation and every 3 mo after that for a total
duration of 20 mo. Plots were monitored using a 0.5 ×
0.5 m quadrat, strung to provide 49 intersection points
for estimates of percentage cover. The following vari-
ables were recorded: (1) overall percentage cover of
fucoid algae, (2) after moving fucoids aside, percent-
age cover of sessile organisms (particularly mussels
and barnacles), other algal species and Fucus germ  -
lings (deﬁned as Fucus plants <2 cm long). The point of
attachment (barnacle/rock or mussel shell) of algae
and sessile fauna was noted in each case. Sessile spe-
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Fig. 1. Percentage cover of fucoid algae (r), ephemeral algae
(d) and all algae combined (×) in control plots (+ limpets, 
– mussels) throughout the experiment at (a) Harlyn and (b)
Polzeath. (shown are means ± SE; n = 8 until September 1999, 
n = 4 thereafter)Mar Ecol Prog Ser 430: 223–234, 2011 226
cies that did not occur under an intersection were
recorded as present and assigned 0.5% cover in the
analyses; (3) abundances of mobile species (mainly
gastropods). Again, associations with mussels or bare
rock were noted. Individuals within 0.5 cm of a mussel
shell were considered to be associated with mussels.
Littorinids on algae were considered associated with
mussels if the alga they were on was attached to a
mussel shell. Limpets <1.5 cm long were recorded as
‘juvenile limpets’. In October 1999, to provide a more
detailed analysis of the role of mussels as a refuge for
Fucus germlings, the numbers of germlings growing
on mussels and on bare rock in each plot were
counted.
Analyses. To guide formal analyses, changes in algal
cover in unmanipulated controls (+L+M) were exam-
ined over the 20 mo duration of the experiment. There
was a distinct summer peak in total algal cover at each
of the sites (Fig. 1). This was driven largely by variations
in cover of ephem  eral/  green algae (Porphyra spp., Ulva
lactuca and  U. intestinalis). At each site, cover of
ephemeral algae rose from <10% in winter and spring
to >20% in summer (May to July). At Harlyn, there
was also a moderate cover (~30%) of fucoid algae
(Fucus vesiculosus evesiculosus and F. spiralis) through  -
out the year (Fig. 1). At Polzeath, there was very little
fucoid algal cover (mean <10%) at any time (Fig. 1).
Any inﬂuence of treatments on algal cover during the
summer peak was therefore most likely to exert a
strong inﬂuence over the export of macroalgal detritus
from the shores. Therefore, the main analyses focussed
on representative times from the summer peak in each
of July 1999 and June 2000.
Non-metric multidimensional scaling (nMDS) was
used to assess the impact of the treatments on overall
community structure (excluding limpets and mussels).
nMDS is an ordination technique based on rank dis-
similarity, in this case measured with the Bray-Curtis
index on square-root transformed data (Clarke 1993).
SIMPER analysis in the PRIMER package was used to
assess which species were most inﬂuential in causing
similarity among plots within treatments and dissimi-
larity among different treatments (Clarke & Warwick
1994). Permutational multivariate analysis of variance
(PERMANOVA, McArdle & Anderson 2001, Anderson
2005) was used to test hypotheses of differences in
community structure. Analyses of data from each of the
2 selected dates were based on Bray-Curtis similarities
of square-root transformed data. Factors were Site
(2 levels, random), Limpet (2 levels, ﬁxed, orthogonal)
and Mussel (2 levels, ﬁxed, orthogonal). Separate
analyses were done for each sampling occasion.
To test hypotheses about the responses of grazers
other than limpets to the experimental removals, a
series of analyses of variance were done on data
derived by combining abundance of all grazers other
than limpets (Littorina littorea,  L. saxatilis,  L nigro  -
lineata, L. obtusata/mariae, Gibbula umbilicalis, Osili-
nus lineatus,  Melaraphe neritoides). The count data
were ln(x+1) transformed prior to analysis. Factors
were Site (2 levels, random), Limpet (2 levels, ﬁxed,
ortho  gonal) and Mussel (2 levels, ﬁxed, orthogonal).
Separate analyses were done for each of the 10
  sampling occasions after manipulation to avoid   non-
independence. Homogeneity of variance was tested
with Cochran’s test. Post-hoc pooling was used as ap  -
propriate to maximise the power of tests of relevant
terms (Underwood 1997). The Student-Newman-Keuls
(SNK) procedure was used for post hoc multiple com-
parisons (Underwood 1997).
Analysis of variance was used to test effects of the
treatments on cover of fucoid algae (Fucus vesiculosus
evesiculosus,  F. spiralis and  F. serratus), cover of
ephemeral algae (Porphyra spp., Ulva lactuca and U.
intestinalis) and total algal cover (including   turf-
forming and encrusting species). The model and pro-
cedures used were the same as those used for grazers
(described above). The same analysis was applied to
counts of Fucus germlings made in October 1999.
Associations of Fucus germlings with mussels and
bare rock in the presence and loss of limpets were
tested using chi-squared analysis based on counts
made in October 1999. For each plot, the number of
germlings on mussels and the number of germlings on
bare rock were counted. Percentage covers of these
substrata were used to generate expected distributions
based on random chance. Separate analyses of ob  -
served versus expected frequencies were completed
for combined data from all plots assigned to (1) +L+M
and (2) –L+M.
RESULTS
Manual removals of limpets were effective in main-
taining considerably reduced densities and hence
grazing pressure. Averaged across the experiment as a
whole, sampled 10 times, limpet removals at Harlyn
reduced limpet density from 34.0 ± 1.40 m–2 (SE, n =
165) to 7.6 ± 0.65 m–2, and at Polzeath, the reduction
was from 43.7 ± 2.20 m–2 to 9.0 ± 0.98 m–2. At each site,
densities were reduced by approximately 80%.
Multivariate community structure
At Harlyn, the loss of mussels and the loss of limpets
had signiﬁcant effects on community structure on both
sampling occasions (Fig. 2, Tables 1 & 2). The effect of
limpets was more marked than that of mussels, partic-Crowe et al.: Loss of grazers and ecosystem engineers
ularly in July 1999, after 9 mo, but also in June 2000,
after 20 mo (Fig. 2). The most dramatic shift in commu-
nity structure was caused by the removal of mussels
from plots at which limpets were left in place (Fig. 2a).
These plots also became considerably more variable
than those in other treatments (see widely spread
points,  Fig. 2a). Mussels and limpets did not have
interactive effects on community structure (Table 1).
At the end of the experiment, plots without limpets
were distinct from plots with limpets due to increases
in fucoid algae and Ulva intestinalis and reductions
in barnacle cover (Table 2). Those species also con-
tributed most to the dissimilarity of plots with and with-
out mussels, with presence of mussels causing in  creased
cover of algae and reduced cover of barnacles (Table 2).
At Polzeath, the loss of mussels had a more consis-
tent effect on community structure than did the loss
of limpets (Fig. 2,  Tables 1 & 2). In June 2000, the
  presence or loss of limpets had no discernible effect
(Fig. 2d, Table 1, pairwise post hoc comparisons). As at
Harlyn, barnacles were again important in contri  -
buting to dissimilarity among treatments and again
tended to have greater cover where limpets were
absent or mussels were present (Table 2). Other taxa
inﬂuencing multivariate patterns included Ulva intes  -
tinalis and Fucus vesiculosus var. linearis, which, al  -
though rare, were strongly associated with mussels
and the loss of limpets and Porphyra, which was exclu-
sively associated with mussels (Table 2).
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Fig. 2. Non-metric multi-dimensional scaling (nMDS) representations of community compositions in the experimental plots in
(a) July 1999 at Harlyn, (b) June 2000 at Harlyn, (c) July 1999 at Polzeath and (d) June 2000 at Polzeath. m: + limpets, + mussels; 
n: + limpets, – mussels; j: – limpets, + mussels; h: – limpets, –mussels. For (a) and (c), n = 8, for (b) and (d), n = 4
Table 1. Results of PERMANOVA analyses for July 1999 and
June 2000. Analyses were based on Bray-Curtis similarities of
square-root transformed data. *p < 0.05, **p < 0.01 (based on 
Monte Carlo simulations)
Source df July 1999 June 2000
MS Pseudo-F MS Pseudo-F
Site (S) 1 16977.0 13.41** 9450.7 **8.58**
Limpet (L) 1 10992.0 *7.02* 4809.9 1.85
Mussel (M) 1 9678.8 2.08 6823.4 *6.14*
S × L 1 1566.9 1.24 2593.0 *2.35*
S × M 1 4651.4 **3.68** 1110.7 1.01
L × M 1 2335.4 1.41 2042.2 0.92
S × L × M 1 1658.2 1.31 2213.9 2.01
Residual 56/24a 1265.5
aThere were 56 df for the residual in July 1999 and 24 in
June 2000 (see ‘Materials and methods: Experimental
design’)Mar Ecol Prog Ser 430: 223–234, 2011
Other grazers
Over the course of the exper-
iment, more than 90% of the
grazers other than limpets
were topshells Gibbula umbili-
calis, but littorinids, such as
Littorina littorea,  L. obtusata
and  L. mariae, were also
found. Their   combined num-
bers varied considerably
through time (Fig. 3). Never-
theless, they were consis-
tently more abundant when
mussels were present than
when they were absent
(Table 3). On several occa-
sions, there were trends for in  -
creases in abundance of other
grazers in response to loss
of limpets (Fig. 3). July 1999
was the only occasion, how  -
ever, on which loss of limpets
caused detectable increases in
abundance of other grazers
(Table 3).
Macroalgae
At each of the sites, there were no clear differ-
ences in total algal cover in the different treatments
for the ﬁrst few months of the experiment (Fig. 4).
The treatments began to diverge in spring 1999,
about 6 to 7 mo after initiation. After that time, cover
at Harlyn ranked consistently greatest in plots from
which limpets had been removed, i.e. greatest in
–L+M plots, second greatest in –L–M plots, third
greatest in +L+M plots and least in +L–M plots
(Fig. 4a). At Polzeath, cover tended to be greater in
treatments with mussels than in treatments without
mussels; the inﬂuence of limpets was secondary
(Fig. 4b). The greatest separation between treat-
ments corresponded to the summer peak of algal
cover, particularly at Polzeath (Fig. 4).
In July 1999, the removal of mussels and of limpets
had signiﬁcant effects on cover of fucoids at Harlyn,
but not at Polzeath (Table 4a.i: S × M); at Harlyn,
cover of fucoids was greater in the presence of mus-
sels and where limpets had been lost (Fig. 5a; SNK
procedure, p < 0.01). There were very few fucoids at
Polzeath, and cover was not affected by the treat-
ments (Fig 5c; SNK procedure, p > 0.05). Mussels
and limpets had interactive effects on ephemeral
algae that varied from site to site (Table 4a.ii: 
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Table 2. SIMPER analyses for June 2000 corresponding to signiﬁcant PERMANOVA re-
sults. Listed are the 5 species in each case that contributed most to dissimilarity between
groups of treatments. Abundance data shown were untransformed so that abundances/
percentage covers were interpretable. The SIMPER analyses presented were based on
square-root transformed data to correspond with the PERMANOVA presented in Table 1.
Avg. abund: average abundance or cover (untransformed); Avg. diss: average dissimilar-
ity among pairs of samples in terms of the species in question; Diss/SD: a measure of vari-
ation in the contribution of the species to dissimilarities between pairs of samples; Con-
trib%: percentage contribution of the species to the average overall dissimilarity between 
groups of treatments; Cum.%: cumulative contribution of the listed species
Species Avg. abund Avg.  Diss/SD Contrib% Cum%
With Without diss
With versus without limpets at Harlyn (average dissimilarity 65.73)
Fucus vesiculosus var. linearis 11.73 41.58 12.52 1.22 23.47 23.47
Fucus spiralis 10.20 26.02 12.03 1.34 22.56 46.03
Barnacles 21.43 7.53 5.74 1.11 10.77 56.80
Ulva intestinalis 3.57 7.78 5.69 1.05 10.66 67.46
Gibbula 1.88 1.50 3.02 1.25 5.65 73.11
With versus without limpets at Polzeath (average dissimilarity 63.51)
Barnacles 34.18 20.15 30.23 1.27 47.59 47.59
Ulva intestinalis 2.42 8.04 10.02 1.11 15.77 63.36
Unidentiﬁed alga 3.06 0.64 5.33 0.67 8.39 71.76
Fucus vesiculosus var. linearis 1.28 4.34 5.17 0.80 8.14 79.90
Porphyra spp. 2.81 2.04 4.67 0.78 7.35 87.25
With versus without mussels, both sites combined (average dissimiliarity 60.73)
Fucus vesiculosus var. linearis 16.96 12.50 11.40 1.40 18.76 18.76
Barnacles 10.91 30.74 9.64 1.16 15.88 34.64
Ulva intestinalis 9.63 1.28 8.13 1.30 13.38 48.02
Fucus spiralis 11.86 6.25 7.63 0.75 12.56 60.58
Porphyra spp. 3.25 0.00 4.27 0.77 7.04 67.62
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Fig. 3. Number of grazers other than limpets in plots throughout the
experiment at (a) Harlyn and (b) Polzeath. m: + limpets, + mussels; n:
+ limpets, – mussels; j: – limpets, + mussels; h: – limpets, –mussels;
shown are means + SE; n = 8 until September 1999, n = 4 thereafterCrowe et al.: Loss of grazers and ecosystem engineers
S × L × M): at Harlyn, ephemerals grew wherever mus-
sels were present or limpets were absent, but did not
grow where mussels had been removed and limpets
left in place (Fig. 5a, SNK procedure, p < 0.01).
Ephemerals grew most proliﬁcally (mean cover 81%)
where mussels were present and limpets had been
removed (Fig. 5a); at Polzeath, ephemerals only grew
abundantly where mussels were present, and were
more abundant on mussels when limpets had been
removed than when limpets had been left in place
(Fig. 5c, SNK procedure, p < 0.01). The total cover of
algae was affected by loss of limpets and by loss of
mussels at each site (Table 4a.iii: S × L, M). The effect
of loss of limpets was more pronounced at Harlyn
(S × L, SNK procedure, p < 0.01) than at Polzeath
(S × L, SNK procedure, p < 0.05).
The pattern of results was similar in June 2000,
although cover of fucoids at Harlyn appeared
greater than in 1999 and cover of ephemerals was
reduced relative to the previous year at each site
(Fig. 5). Again, fucoid algae were rare at Polzeath
and unaffected by the treatments (Fig. 5d, Table
4b.i: S × L; SNK procedure, p > 0.05). At Harlyn,
  fucoids were affected by limpets, regardless of
the presence of mussels (Fig. 5b, Table 4b.i: S × L;
SNK procedure, p < 0.01). Cover of ephemerals
  depended entirely on the presence or absence
of mussels at each site (Fig. 5b,d, Table 4b.ii: M).
Total cover of algae at Harlyn depended on the
combination of limpets and mussels present
(Table 4b.iii: M, S ×L; SNK procedure, p < 0.01). At
Polzeath, which was dominated by ephemerals,
only the loss of mussels had a   signiﬁcant effect
on total algal cover (Table 4b.iii: M, S × L; SNK
  procedure, p > 0.05).
Role of mussels as refuges for Fucus germlings
Limpets and mussels had a strongly interactive
effect on recruitment of Fucus germlings. In
  samples taken in October 1999, after 12 mo, germlings
only occurred in plots with limpets when mussels were
present, but were also found in plots from which mus-
sels had been removed if limpets were absent (Fig. 6,
Table 5). When limpets were present at Harlyn, dispro-
portionately larger numbers of germlings were found
on mussels within each plot than on bare rock
(χ2 = 140.4, p < 0.01). Where limpets had been
lost, however, patterns were more variable among
plots, but a disproportionate number of germlings
were generally found on rock (χ2 = 46.9, p < 0.01). At
Polzeath, there were too few germlings for chi-squared
analysis (Fig. 6).
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Table 3. Analyses of variance of abundance of grazers other than limpets in December 1998, January 1999, April 1999, May 1999, 
July 1999, September 1999. *p < 0.05, **p < 0.01, ***p < 0.001
Source df Dec 1998 Jan 1999 Apr 1999 May 1999 July 1999 Sept 1999
MS F MS F MS F MS F MS F MS F
Site (S) 1 5.14 *6.12  * 0.35 0.44 0.00 0.00 2.47 3.17 0.10 0.20 0.32 0.35
Limpet (L) 1 3.12 3.72 4.51 2.64 5.04 3.47 0.62 0.30 1.27 637.78  ** 1.56 1.70
Mussel (M) 1 6.70 **8.18  ** 9.39 *11.82** 6.58**12.14  *** 7.19 **9.24  ** 0.41 203.19  ** 16.94*18.42  ***
S × L 1 0.62 0.74 1.71 2.15 1.45 2.68 2.10 2.70 0.00 0.00 0.59 0.64
S × M 1 0.04 0.05 0.00 0.00 0.02 0.04 0.00 0.00 0.00 0.00 0.29 0.31
L × M 1 1.66 1.98 2.66 3.34 0.00 0.00 0.36 0.46 0.93 0.87 0.25 0.28
S × L × M 1 0.03 0.04 0.45 0.56 0.03 0.05 0.01 0.02 1.07 2.09 0.44 0.48
Residual 56 0.87 0.81 0.56 0.81 0.15 0.95
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DISCUSSION
Our study comprised a compara-
tively simple experiment, focussed
on 2 taxa noted for their strong, but
different roles in rocky shore eco  -
systems. Its factorial design, how-
ever, enabled characterisation of
  interactive effects. By replicating it
in space and extending it through
time, valuable insights were gained
into variation in effects of loss of key
species. The sites selected were very
similar to one another in physical
terms and were not far apart (only
6.5 km), yet the effects of species loss
varied considerably between them.
Harlyn had greater algal cover, par-
ticularly of fucoids, and was more
strongly affected by loss of limpets,
whose inﬂuence was substantially
modiﬁed by the presence of mussels.
Polzeath’s algal assemblage was
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Table 4. Analyses of variance of algal cover in July 1999 and June 2000 for fucoid algae, 
ephemeral algae and all algae combined. *p < 0.05, **p < 0.01, *** p < 0.001
Source df (i) Fucoid  (ii) Ephemeral  (iii) All algae 
algae algae combined
MS F MS F MS F
(a) July 1999
Site (S) 1 11180.950 89.83*** 5646.34 11.28** 24454.700 39.76***
Limpets (L) 1 1697.44 1.40 12559.090 14.000 23038.690 5.04
Mussels (M) 1 1914.28 2.09 34447.380123.6000018557.9301981.92*00
S × L 1 1212.61 9.74** 896.91 1.79 4569.42 7.43**
S × M 1 913.85 7.34** 278.71 0.56 9.36 0.02
L × M 1 134.68 1.05 349.69 0.14 2.34 0.01
S × L × M 1 128.77 1.03 2414.07 4.82* 376.26 0.61
Residual 56 124.46 500.57 615.05
Cochran C = 0.2790 C = 0.2981 C = 0.2729
(b) June 2000
S 1 14087.230 50.18*** 65.90 0.71 13286.950 46.14***
L 1 4748.01 16.91*** 137.53 1.48 6501.42 22.58***
M 1 812.15 2.89 1394.18 15.02*** 4575.90 15.89***
S × L 1 3629.73 12.93** 31.28 0.34 4974.53 17.28***
S × M 1 287.46 1.02 84.63 0.91 84.63 0.29
L × M 1 896.66 3.19 39.92 0.43 415.44 1.44
S × L × M 1 1174.79 4.18 9.42 0.10 1019.26 3.54
Residual 24 280.72 92.82 287.95
Cochran C = 0.4517* C = 0.5987** C = 0.4824*
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more dominated by ephemeral algae (particularly Por-
phyra) and was more strongly affected by loss of mussels
than of limpets.
By sampling repeatedly over a 2 yr period, we were
also able to recognise patterns of temporal variation in
the natural and manipulated communities. Certainly,
no effects of diversity loss were apparent during the
ﬁrst 6 to 7 mo of the experiment, and no signiﬁcant
effects would have been detected until 8 to 9 mo. This
  ﬁnding lends further weight to recent calls by Sta-
chowicz et al. (2008a,b) for longer-term BEF experi-
ments to accurately capture the responses of real
ecosystems to changes in biodiversity. There was also
some variation between Year 1 and Year 2, both in
terms of natural algal cover and the inﬂuence of loss of
limpets and mussels.
Limpets have here been shown again to be a domi-
nant force within the grazer functional group on rocky
shores (Lodge 1948, Branch 1981, Hawkins 1981, Jenk-
ins et al. 1999a, O’Connor & Crowe 2005, Coleman
et al. 2006). By using well-replicated manual removals
in open plots and monitoring responses of all grazers,
the current study was able to discriminate unequivo-
cally between the roles of limpets and other grazers.
Other grazers rarely increased in abundance in re-
sponse to loss of limpets and were not able to compen-
sate for their loss. It should be noted, however, that at
Polzeath the inﬂuence of limpets was limited. Assem-
blages and cover of algae there were more strongly
  affected by the presence or absence of mussels. This
may be explained in part by the low levels of natural
cover of fucoid algae at Polzeath and lack of recruit-
ment of canopy species (see also Coleman et al. 2006).
Where mussels were removed, the cover of barna-
cles (mainly Chthamalus spp.) increased. However,
these alternative ecosystem engineers were unable to
compensate in functional terms for the absence of mus-
sels as they failed to prevent changes in algal cover
and assemblage structure, despite their documented
capacity to do so in the NE Paciﬁc (Farrell 1991 and see
Maggi et al. 2009 for a Mediterranean example of vari-
ation in inﬂuence of ecosystem engineers). Our study
has shown that mussels can indeed play a key role on
NE Atlantic shores, apparently providing a specialised
habitat for some species of algae (e.g. Porphyra only
occurred on mussels regardless of the presence or loss
of limpets) and offering a refuge for algae from limpet
grazing, with a consistent trend for increased algal
cover in the presence of mussels. Mussels also modify
physical conditions and offer a large surface area for
attachment, and the value of complex microhabitats for
algal recruitment has been documented by a number
of authors (e.g. Norton 1983, Brawley & Johnson 1991).
It is notable, however, that even within plots contain-
ing mussels, there was a signiﬁcant increase in algal
cover when limpets were removed, suggesting that
limpets do indeed graze among mussels to some extent
on these shores (see also Witman 1985, Lohse 1993,
O’Connor & Crowe 2008). Although recruitment of
fucoid germlings varied substantially between sites,
the experiment provided clear evidence for the consis-
tent roles of limpets in controlling their survival and
mussels in providing a refuge for them. In the presence
of limpets, germlings grew only on mussels (see also
Jenkins et al. 1999a); in their absence, they were dis-
proportionately abundant on rock. Changes in overall
diversity and community structure caused by loss of
mussels are underestimated in the current study
because it did not include consideration of the inter  -
stitial fauna (Lohse 1993, Seed 1996).
It is not unusual to observe differences in interaction
strength between species at different locations. Such
discrepancies are a reﬂection of the differing abiotic
and biotic conditions and the relative species abun-
dances at each site (e.g. Farrell 1991, Kim 1997). In
  different habitats, grazers may have different effects
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Fig. 6. Fucus spp. Abundance of germlings in plots at Harlyn
and Polzeath in October 1999. Shown are means + SE; n = 4. 
L: limpets; M: mussels; +: left in place; –: removed
Table 5. Fucus spp. Analysis of variance of abundance of
germlings counted in October 1999. Data were square-root
transformed. Cochran’s C = 0.33 (not signiﬁcant). *p < 0.05, 
**p < 0.01
Source df MS F
Site (S)a 1 142.630 12.55**
Limpet (L) 1 20.56 0.94
Mussel (M) 1 14.48 2.14
S × La 1 21.98 1.93
S × Ma 1 6.76 0.59
L × Ma 1 61.48 5.41*
S × L × Mb 1 13.06 1.15
Residualc 56 11.30
aTested over pooled MSb+c = 11.36, 25 dfMar Ecol Prog Ser 430: 223–234, 2011
(Lubchenco 1983). Johnson et al. (1997) showed that
limpets had an impact on algal recruitment at some
sites on the Isle of Man but not all. Similarly, manipula-
tions of grazer density and Ascophyllum on sheltered
shores suggested that limpets played a very limited
role in structuring the mid-shore community of shel-
tered shores (Jenkins et al. 1999b). This is in sharp
  contrast to the situation on more exposed barnacle-
dominated shores of northwest Europe, where the
  ability of limpets to limit algal recruitment means
that they are often the dominant structuring organism
(Southward 1964, Southward & Southward 1978,
Hawkins 1981, Hawkins et al. 1992).
While the interaction examined here was the role of
limpet grazing and mussel refuges in determining
algal abundance, on other coastlines, different inter  -
actions between grazers and refuges are apparent. On
NW Atlantic coasts, where limpets are absent, mussels
are thought to competitively exclude Fucus from 
mid-shore assemblages when biotic and physical dis-
turbances are lacking (Menge & Sutherland 1976,
Petraitis 1987, Chapman & Johnson 1990). In contrast,
McCook & Chapman (1991) found that Fucus was com-
petitively dominant to mussels on shores in Canada
during primary succession after ice scour, when graz-
ers were rare. The impact of grazing intensity on
fucoids at the different locations may have caused the
differences in these results (see also Jenkins et al.
2008). In the Mediterranean, Benedetti-Cecchi et al.
(1996) found no evidence of interactions between
limpets and mussels in determining algal abundance,
and each species had independent effects that were
consistent among locations.
The magnitude of change in algal cover caused by
loss of grazers and/or mussels was substantial and
would undoubtedly have a signiﬁcant effect on eco  -
system functions such as nutrient sequestration and
export of detrital material from these shores to other
coastal habitats. Although more sophisticated method-
ologies are now available for assessing ecosystem
functioning in situ on rocky shores (e.g. Nielsen 2001,
Martins et al. 2007, Noël et al. 2010), changes in
macro  algal cover provide a meaningful indication of
functional impacts with potential to affect provision of
goods and services by the coastal environment. Sam-
pling a range of functional variables, however, may
yield different outcomes, which themselves vary in
space and time (Duffy 2009).
Characterising species according to their functional
roles and interaction strength has considerable po  tential
to improve the generality of BEF models by accounting
for apparently idiosyncratic variation due to so-called
selection effects (Allison et al. 1996, Petchey 2004,
Crowe & Russell 2009, O’Gorman & Emmerson 2009).
Nevertheless, where combinations of strong interac-
tors are lost, comparatively unpredictable interactive
effects many have a major inﬂuence, as in the current
study. To improve prediction of the effects of biodiver-
sity loss, it is also necessary to characterise the factors
underpinning variation in its consequences. In this
case, initial variation in algal cover and assemblage
structure prior to treatment appears to have been
important, but these patterns may themselves have
been driven by variation in the physical environment.
Although theoretical models are valuable in stimulat-
ing new research pathways and synthesising existing
ﬁndings, long-term experiments replicated in a wide
range of environmental contexts are needed as an
empirical basis for them (Stachowicz et al. 2008a,b,
Boyer et al. 2009, Duffy 2009, Naeem et al. 2009).
Acknowledgements. This work was funded by a Natural
Environment Research Council (NERC) postdoctoral fellow-
ship (GT59807MS) to T.P.C., a NERC scholarship to N.J.F. and
the EU FP5 project EUROROCK to S.J.H. We thank J. Stout,
J. and M. Crowe, J. and A. Frost and D. Barnaby for help with
ﬁeldwork, and R. Hughes for the kind invitation to present
this paper on the occasion of his retirement.
LITERATURE CITED
Aguilera MA, Navarrete SA (2007) Effects of Chiton granosus
(Frembly, 1827) and other molluscan grazers on algal suc-
cession in wave exposed mid-intertidal rocky shores of
central Chile. J Exp Mar Biol Ecol 349:84–98
Airoldi L, Beck MW (2007) Loss, status and trends for coastal
marine habitats of Europe. Oceanogr Mar Biol Annu Rev
45:345–405
Allison GW, Menge BA, Lubchenco J, Navarrete SA (1996)
Predictability and uncertainty in community regulation:
consequences of reduced consumer diversity in coastal
rocky ecosystems. In: Mooney HA, Cushman JH, Medina
E, Sala OE, Schulze ED (eds) Functional roles of biodiver-
sity: a global perspective. John Wiley & Sons, New York,
NY, p 371–392
Anderson MJ (2005) PERMANOVA: a Fortran computer pro-
gram for permutational multivariate analysis of variance.
Department of Statistics, University of Auckland
Anderson MJ, Underwood AJ (1997) Effects of gastropod
grazers on recruitment and succession of an estuarine
assemblage: a multivariate and univariate approach. Oeco  -
logia 109:442–453
Benedetti-Cecchi L (2000) Predicting direct and indirect inter  -
actions during succession in a mid-littoral rocky shore
assemblage. Ecol Monogr 70:45–72
Benedetti-Cecchi L, Nuti S, Cinelli F (1996) Analysis of spatial
and temporal variability in interactions among algae,
limpets and mussels in low-shore habitats on the west
coast of Italy. Mar Ecol Prog Ser 144:87–96
Boyer KE, Kertesz JS, Bruno JF (2009) Biodiversity effects on
productivity and stability of marine macroalgal commu  -
nities: the role of environmental context. Oikos 118:
1062–1072
Branch GM (1981) The biology of limpets: physical factors,
energy ﬂow, and ecological interactions. Oceanogr Mar
Biol Annu Rev 19:235–380
Brawley SH, Johnson LE (1991) Survival of fucoid embryos in
232Crowe et al.: Loss of grazers and ecosystem engineers
the intertidal zone depends upon developmental stage
and microhabitat. J Phycol 27:179–186
Cardinale BJ, Nelson K, Palmer MA (2000) Linking species
diversity to the functioning of ecosystems: on the impor-
tance of environmental context. Oikos 91:175–183
Chapman ARO, Johnson CR (1990) Disturbance and organi-
sation of macroalgal assemblages in the Northwest
Atlantic. Hydrobiologia 192:77–121
Chapman MG (2000) A comparative study on the differences
among species and patches of habitat in movement of
three species of intertidal gastropods. J Exp Mar Biol Ecol
244:181–201
Clarke KR (1993) Non-parametric multivariate analyses of
changes in community structure. Aust J Ecol 18:117–143
Clarke KR, Warwick RM (1994) PRIMER: Plymouth Routines
in Multivariate Ecological Research, a suite of computer
programmes. Plymouth Marine Laboratory, Plymouth
Coleman RA, Underwood AJ, Benedetti-Cecchi L, Aberg P
and others (2006) A continental scale evaluation of the role
of limpet grazing on rocky shores. Oecologia 147:556–564
Connell JH (1974) Ecology: ﬁeld experiments in marine eco  -
logy. In: Mariscal RN (ed) Experimental marine biology.
Academic Press, New York, NY, p 131–138
Crooks JA, Khim HS (1999) Architectural vs. biological effects
of a habitat-altering, exotic mussel, Musculista senhousia.
J Exp Mar Biol Ecol 240:53–75
Crowe TP, Russell R (2009) Functional and taxonomic per-
spectives of marine biodiversity: relevance to ecosystem
processes. In: Wahl M (ed) Marine hard bottom communi-
ties: patterns, dynamics, diversity, change. Elsevier, Ams-
terdam, p 375–390
Crowe TP, Smith EL, Donkin P, Barnaby DL, Rowland SJ
(2004) Measurements of sublethal effects on individual
organisms indicate community-level impacts of pollution.
J Appl Ecol 41:114–123
Cubit JD (1984) Herbivory and the seasonal abundance of
algae on a high intertidal rocky shore. Ecology 65:
1904–1917
Davies AJ, Johnson MP, Maggs CA (2007) Limpet grazing
and loss of Ascophyllum nodosum canopies on decadal
time scales. Mar Ecol Prog Ser 339:131–141
Díaz S, Symstad AJ, Chapin FS III, Wardle DA, Huenneke LF
(2003) Functional diversity revealed by removal experi-
ments. Trends Ecol Evol 18:140–146
Duffy JE (2009) Why biodiversity is important to the function-
ing of real-world ecosystems. Front Ecol Environ 7:
437–444 
Dye AH, White DRA (1991) Intertidal microalgal production
and molluscan herbivory in relation to season and eleva-
tion on two rocky shores on the east coast of Southern
Africa. S Afr J Mar Sci 11:483–489
Farrell TM (1991) Models and mechanisms of succession: an
example from a rocky intertidal community. Ecol Monogr
61:95–113
Grifﬁn JN, Méndez V, Johnson A, Jenkins SR, Foggo A (2009)
Functional diversity predicts overyielding effect of species
combination on primary productivity. Oikos 118:37–44
Hawkins SJ (1981) The inﬂuence of season and barnacles on
the algal colonisation of Patella vulgata exclusion zones.
J Mar Biol Assoc UK 61:1–15
Hawkins SJ, Hartnoll RG (1982) The inﬂuence of barnacle
cover on the numbers, growth and behaviour of Patella
vulgata on a vertical pier. J Mar Biol Assoc UK 62:855–867
Hawkins SJ, Hartnoll RG (1983) Grazing of intertidal algae by
marine invertebrates. Oceanogr Mar Biol Annu Rev 21:
195–282
Hawkins SJ, Hartnoll RG, Kain JM, Norton TA (1992) Plant-
animal interactions on hard substrata in the North East
Atlantic. In: John DM, Hawkins SJ, Price JH (eds) Plant
animal interaction in the marine benthos. Clarendon
Press, Oxford, p 1–32
Hill AS, Hawkins SJ (1991) Seasonal and spatial variation of
epilithic microalgal distribution and abundance and its
ingestion by Patella vulgata on a moderately exposed
rocky shore. J Mar Biol Assoc UK 71:403–423
Hruby T, Norton TA (1979) Algal colonisation on rocky shores
in the Firth of Clyde. J Ecol 37:65–77
Hurlbert SH (1997) Functional importance vs keystoneness:
reformulating some questions in theoretical biocenology.
Aust J Ecol 22:369–382
Jenkins SR, Hawkins SJ, Norton TA (1999a) Interaction
between a fucoid canopy and limpet grazing in structuring
a low shore intertidal community. J Exp Mar Biol Ecol
233:41–63
Jenkins SR, Hawkins SJ, Norton TA (1999b) Direct and indi-
rect effects of a macroalgal canopy and limpet grazing in
structuring a sheltered inter-tidal community. Mar Ecol
Prog Ser 188:81–92
Jenkins SR, Moore P, Burrows MT, Garbary DJ and others
(2008) Comparative ecology of North Atlantic shores: Do
differences in players matter for process? Ecology 89:
S3–S23
Johnson MP, Burrows MT, Hartnoll RG, Hawkins SJ (1997)
Spatial structure on moderately exposed rocky shores:
patch scales and the interactions between limpets and
algae. Mar Ecol Prog Ser 160:209–215
Jones NS (1948) Observations and experiments on the bio  -
logy of Patella vulgata at Port St Mary, Isle of Man. Proc
Trans Liverpool Biol Soc 56:60–77
Jones CG, Lawton JH, Shachak M (1994) Organisms as
ecosystem engineers. Oikos 69:373–386
Kim JH (1997) The role of herbivory, and direct and indirect
interactions, in algal succession. J Exp Mar Biol Ecol
217:119–135
Lawton JH (1994) What do species do in ecosystems? Oikos
71:367–374
Lodge SM (1948) Algal growth in the absence of Patella on an
experimental strip of foreshore, Port St. Mary, Isle of Man.
Proc Liverpool Biol Soc 56:78–83
Lohse DP (1993) The importance of secondary substratum in a
rocky intertidal community. J Exp Mar Biol Ecol 166:1–17
Lubchenco J (1978) Plant species diversity in a marine inter-
tidal community: importance of herbivore food preference
and algal competitive abilities. Am Nat 112:23–29
Lubchenco J (1983) Littorina and Fucus: effects on herbivores,
substratum heterogeneity and plant escapes during suc-
cession. Ecology 64:1116–1123
Maggi E, Bertocci I, Vaselli S, Benedetti-Cecchi L (2009)
Effects of changes in number, identity and abundance of
habitat-forming species on assemblages of rocky sea  -
shores. Mar Ecol Prog Ser 381:39–49
Mak YM, Williams GA (1999) Littorinids control high inter-
tidal bioﬁlm abundance on tropical, Hong Kong rocky
shores. J Exp Mar Biol Ecol 233:81–94
Martins GM, Hawkins SJ, Thompson RC, Jenkins SR (2007)
Community structure and functioning in intertidal rock
pools: effects of pool size and shore height at different suc-
cessional stages. Mar Ecol Prog Ser 329:43–55 
McArdle BH, Anderson MJ (2001) Fitting multivariate models
to community data: a comment on distance-based redun-
dancy analysis. Ecology 82:290–297
McCook LJ, Chapman ARO (1991) Community succession
following massive ice scour on an exposed rocky shore:
effects of Fucus canopy algae and of mussels during late
233Mar Ecol Prog Ser 430: 223–234, 2011
succession. J Exp Mar Biol Ecol 154:137–169
Menge BA, Sutherland JP (1976) Species diversity gradients:
synthesis of the roles of predation, competition and tempo-
ral heterogeneity. Am Nat 110:351–369
Millennium Ecosystem Assessment (2005) Ecosystems and
human well-being: biodiversity synthesis. World Resources
Institute, Washington, DC
Mouchet M, Guilhaumon F, Villeger S, Mason NWH, Toma  -
sini JA, Mouillot D (2008) Towards a consensus for calcu-
lating dendrogram-based functional diversity indices.
Oikos 117:794–800
Naeem S, Bunker DE, Hector A, Loreau M, Perrings C (eds)
(2009) Biodiversity, ecosystem functioning, and human
wellbeing: an ecological perspective. Oxford University
Press, Oxford
Nielsen KJ (2001) Bottom-up and top-down forces in tide
pools: test of a food chain model in an intertidal commu-
nity. Ecol Monogr 71:187–217
Noël LMJ, Grifﬁn JN, Thompson RC, Hawkins SJ, Burrows
MT, Crowe TP, Jenkins SJ (2010) Assessment of a ﬁeld
incubation method estimating primary productivity in
rockpool communities. Estuar Coast Shelf Sci 88:153–159
Norton TA (1983) The resistance to dislodgement of Sargas-
sum muticum germlings under deﬁned hydrodynamic
conditions. J Mar Biol Assoc UK 63:181–193
O’Connor NE, Crowe TP (2005) Biodiversity and ecosystem
functioning: distinguishing between effects of the number
of species and their identities. Ecology 86:1783–1796
O’Connor NE, Crowe TP (2008) Do mussel patches provide a
refuge for algae from grazing gastropods? J Molluscan
Stud 74:75–78
O’Gorman EJ, Emmerson MC (2009) Perturbations to trophic
interactions and the stability of complex food webs. Proc
Natl Acad Sci USA 106:13393–13398
O’Gorman EJ, Jacob U, Jonsson T, Emmerson MC (2010)
Interaction strength, food web topology and the relative
importance of species in food webs. J Anim Ecol 79:
682–692
Olff H, Ritchie ME (1998) Effects of herbivores on grassland
diversity. Trends Ecol Evol 13:261–265
Paine RT (1977) Controlled manipulations in the marine inter-
tidal zone, and their contributions to ecological theory. In:
Goulden CE (ed) Changing scenes in natural sciences,
1776–1976. Academy of Natural Sciences, Philadelphia,
PA, p 245–270
Paine RT, Vadas RL (1969) Effects of grazing by sea urchins
Strongylocentrotus spp. on benthic algal populations.
Limnol Oceanogr 14:710–719 
Petchey OL (2004) On the statistical signiﬁcance of functional
diversity effects. Funct Ecol 18:297–303
Petraitis PS (1987) Factors organising rocky intertidal com  -
munities of New England; herbivory and predation in
sheltered bays. J Exp Mar Biol Ecol 109:117–136
Raffaelli D, Hawkins S (1996) Intertidal ecology. Chapman
& Hall, London 
Sebens KP (1991) Habitat structure and community dynamics
in marine benthic systems. In: Bell SS, McCoy ED, Mush  -
insky HR (eds) Habitat structure: the physical arrangement
of objects in space. Chapman & Hall,   London, p 211–234
Seed R (1996) Patterns of biodiversity in the macro-inverte-
brate fauna associated with mussel patches on rocky
shores. J Mar Biol Assoc UK 76:203–210
Sommer U (2000) Benthic microalgal diversity enhanced by
spatial heterogeneity of grazing. Oecologia 122:284–287
Southward AJ (1964) Limpet grazing and the control of graz-
ing on rocky shores. In: Crisp DJ (ed) Grazing in terrestrial
and marine environments. Blackwell, Oxford, p 265–273
Southward AJ, Southward EC (1978) Recolonisation of rocky
shores in Cornwall after use of toxic dispersants to clean
up the Torrey Canyon spill. J Fish Res Board Can 35:
682–706
Stachowicz JJ, Bruno JF, Duffy JE (2007) Understanding the
effects of marine biodiversity on communities and eco  -
systems. Annu Rev Ecol Syst 38:739–766
Stachowicz JJ, Graham M, Bracken MES, Szoboszlai AI
(2008a) Diversity enhances cover and stability of seaweed
assemblages: the role of heterogeneity and time. Ecology
89:3008–3019
Stachowicz JJ, Best RJ, Bracken MES, Graham MH (2008b)
Complementarity in marine biodiversity manipulations:
reconciling divergent evidence from ﬁeld and mesocosm
experiments. Proc Natl Acad Sci USA 105:18842–18847
Underwood AJ (1997) Experiments in ecology: their logical
design and interpretation using analysis of variance. Cam-
bridge University Press, Cambridge
Vadas RL, Wright WA, Miller SL (1990) Recruitment of Asco-
phyllum nodosum: wave action as a source of mortality.
Mar Ecol Prog Ser 61:263–271
Wahl M, Hoppe K (2002) Interactions between substratum
rugosity, colonization density and periwinkle grazing efﬁ-
ciency. Mar Ecol Prog Ser 225:239–249
Whittaker RH (1975) Communities and ecosystems. MacMil-
lan, New York, NY
Witman JD (1985) Refuges, biological disturbance, and rocky
subtidal community structure in New England. Ecol
Monogr 55:421–445
234
Submitted: April 27, 2010; Accepted: January 7, 2011 Proofs received from author(s): April 8, 2011